Background
==========

Oxandrolone is a synthetic analog of testosterone, used to preserve or restore muscle mass in different clinical conditions and to promote beneficial clinical outcomes in the treatment of wasting and catabolic disorders \[[@b1-amjcaserep-16-763]\]. The indications for using oxandrolone, and generally all anabolic drugs, are neuromuscular diseases and catabolic muscular conditions, with the aim of stimulating muscle regeneration, as in the treatment of Duchenne dystrophy \[[@b2-amjcaserep-16-763]\] and myositis \[[@b3-amjcaserep-16-763]\], improving muscle mass and strength \[[@b4-amjcaserep-16-763]\], increasing exercise tolerance \[[@b5-amjcaserep-16-763]\], and facilitating up-regulation of androgen receptors \[[@b6-amjcaserep-16-763]\].

Androgens also exert important activities in the central (CNS) and peripheral nervous system, affecting motor function, axon growth and neurite extension in motoneurons \[[@b7-amjcaserep-16-763]\]. Testosterone and its derivatives play a fundamental role in the regulation of the regenerative process of injured motoneurons by reducing the extent of denervation atrophy and increasing the rate of axonal regeneration \[[@b8-amjcaserep-16-763]\]. Androgens also exert a stimulatory action on the protein synthesis of peripheral myelin, which might have clinical significance when the rebuilding of myelin is needed, as in peripheral injury and demyelinating diseases \[[@b9-amjcaserep-16-763]\]. In a patient affected by Charcot-Marie-Toot I (CMT-I) disease, a hereditary motor and sensory neuropathy characterized by a severe demyelinating process \[[@b10-amjcaserep-16-763]\], we tested the hypothesis that Oxandrolone, added to a physical rehabilitation program, could increase muscle and nerve protein synthesis and improve strength and motor control.

Case Report
===========

A 25-year-old man with a severe demyelinating neuropathy presented with spastic tetraparesis, muscle weakness, spasticity, and instability during deambulation. The subject was 168 cm in height, and 56 kg in weight. A strength test, a walking test, and sensory nerve conduction velocity (SNCV) and compound muscle action potential (CMAP) for the median and sural nerves were assessed. A balanced diet (40 Kcal/kg body weight) and an exercise training program were prescribed throughout the treatment.

Exercise training program
-------------------------

The exercise training program included isotonic exercises with free weights and isotonic machines with a frequency of 3 times a week, training 2 or 3 muscle groups each session under the supervision of a Health and Fitness Instructor. One exercise for each muscular group was programmed, starting with the minimum effort tolerated by the patients. Initially, the patient could exercise each muscle group only with 2 series of 6--8 repetitions due to muscular weakness.

Strength
--------

Maximal voluntary muscle strength was assessed by using the 1-repetition maximum (1-RM) method. In addition, it was administered Oxandrolone 20 mg daily per os for 3 months. Every 15 days, 2000 U β-HCG (human chorionic gonadotropin) was also injected intramuscularly to prevent testicular inhibition.

Muscle and nerve biopsy
-----------------------

We obtained signed informed consent from the patient for nerve and muscle biopsies. Before treatment, the sural nerve biopsy showed peripheral neuropathy involving the myelinic axons ([Figure 1](#f1-amjcaserep-16-763){ref-type="fig"}). Onion bulbs in the nerves of patients with CMT1 are characteristic of the disease and are present in several presentations of CMT1 \[[@b11-amjcaserep-16-763]\]. The name is due to their resemblance to the layers of an onion sliced in half. After the program, a muscle biopsy was obtained from the quadriceps femoris. The specimen was frozen in isopentane (BDH) and cooled to −160°C in liquid nitrogen. Serial 10-μm-thick frozen sections were prepared for histological and histochemical examination, as previously reported \[[@b12-amjcaserep-16-763]\]. Stains used included hematoxylin-eosin (H&E), modified Gomori trichrome, myofibrillar adenosine triphosphatase (ATPase) at pH of 9.4, 4.6, and 4.35, NADH-tetrazolium reductase (NADH-Tr), succinic dehydrogenase (SDH), lactic dehydrogenase (LDH), cytochrome *c* oxidase (COX), Oil red O, myoadenylate deaminase (MAD), and periodic acid Schiff with and without diastase. NADH (in black) show aspects of type grouping: enlargement ×40 and ×100, reaction ATPase at pH 9.4×100 e ×40. It is evidence of an extensive type grouping. The fibres are hypotrophic and others are atrophic and angulate ([Figures 2](#f2-amjcaserep-16-763){ref-type="fig"}, [3](#f3-amjcaserep-16-763){ref-type="fig"}). An extensive type-grouping consisting of cluster of type II fibres is suggestive of a reinnervation process. In histochemical stains, such motor units appear as groups of myofibers of the same histochemical type (fiber type grouping).

Results
=======

After the 3-month therapy, the patient gained 5.0 kg of lean body mass. Muscular strength increased significantly: maximum voluntary contraction at bench press increased from 10 to 25 kg, dumbbell fly capacity increased from 2 to 8 kg, and leg press capacity increased from 15 to 40 kg. The Walking Index (WISCI) \[[@b13-amjcaserep-16-763]\] improved from level 6 to 14. The SNCV increased from 20.3 to 22 m/s in the medial nerve and 19.6 to 21.5 m/s in the tibial nerve, respectively. Similarly, the CMAP increased from 3.1 to 3.4mV and from 1.0 mV to 1.3 mV in medial and tibial nerves, respectively. The muscle biopsy showed an extensive type-grouping, consisting of cluster of types, suggesting a reinnervation process.

Discussion
==========

Androgens exert trophic effects on the spinal cord and motoneuron, at both structural and molecular levels, and stimulate nerve regeneration. The population of neurons within the brain and spinal cord, including spinal motor neurons, contain gonadal steroid receptors \[[@b14-amjcaserep-16-763]\]. Androgens increase protein synthesis in CNS and peripheral nervous system, as well, and stimulate the mRNA, either *in vitro* and *in vivo* Schwann cells \[[@b7-amjcaserep-16-763]--[@b9-amjcaserep-16-763]\]. Jones et al. \[[@b15-amjcaserep-16-763]\] explored the trophic capabilities of steroids as therapeutic agents in neuronal injury and repair and demonstrated that androgens act either directly or indirectly on the injured motoneurons, by enhancing neuronal reparative response and successful functional recovery. Androgens may also modulate the central glia response to nerve damage. This stimulatory action on the proteins of peripheral myelin affects many aspects of neuronal functioning, including nerve-cell survival, growth and metabolism, elaboration of processes, synaptogenesis and neurotransmission \[[@b15-amjcaserep-16-763]\]. In our patient affected by CMT1, sensory loss, muscle weakness and atrophy were due to axonal loss \[[@b16-amjcaserep-16-763]\]. The genes causing the CMT1 disease encode myelin-related proteins: peripheral myelin protein 22 (PMP22), myelin protein zero (P0) and connexin 32 (Cx32) \[[@b10-amjcaserep-16-763]\] and the PMP22 gene is found in most patients with demyelinating CMT1A \[[@b17-amjcaserep-16-763]\]. Magnaghi et al. \[[@b18-amjcaserep-16-763]\] demonstrated that Po and PMP22 proteins play a crucial physiological role in the maintenance of the multilamellar structure of peripheral myelin and are androgen dependent. They demonstrated the positive effects of sex steroid hormones on the gene expressions of Po and PMP22, suggest that a treatment with these molecules or their synthetic agonists may be useful in cases in which the rebuilding of myelin is necessary \[[@b19-amjcaserep-16-763]\].

The increased lean body mass, muscular strength, after Oxandrolone therapy suggests a recovery of motor neuronal function. The motor control and function were increased and thus a remyelination process could be inferred. The muscle biopsy showed an extensive type-grouping and angular atrophic fibers that were scattered or in small groups, findings commonly described as neuropathic \[[@b20-amjcaserep-16-763]\]. Type-grouping typically occurs after crush injury and after autograft or single-lumen nerve graft repair \[[@b21-amjcaserep-16-763]\], whereas the number of nerve fibers and the number of alpha-nerve fibers increased in this group and can be explained by increased regenerating axons branches traveling along the periphery. Rhrich-Haddout et al. \[[@b22-amjcaserep-16-763]\] demonstrated that, after a local spinal injury, typical alpha-motoneurons can reinnervate a skeletal muscle by regenerating axons after peripheral nerve graft. The emerging branches are kept together by Schwann cell basal lamina scaffolds, suggesting an increase in the synthesis of myelin proteins \[[@b23-amjcaserep-16-763]\]. Neurophysiological studies showed an active denervation-reinnervation process in CMT 1 \[[@b24-amjcaserep-16-763]\] that changes considerably during lifetime. To distinguish between a diseased and a normal muscle, quantitative data on the fibers-type arrangement is required. In our patient, the extensive type-grouping showed a prevalence of reinnervation. The neural amyelinic degeneration state in this patient is a condition, that exercise training alone could not be responsible for the observed recovery. In fact, exercise improve modestly the muscular strength in multiple sclerosis (4.5--36%) \[[@b25-amjcaserep-16-763]\] and in patients with mild to moderate disability \[[@b26-amjcaserep-16-763]\]; but in CMT1 patients small trials of exercise have shown no significant benefits \[[@b27-amjcaserep-16-763]\] to lower myelination. The loss of myelin of the axons, evidenced by neural biopsy, explains the severity of clinical disease and the axonal dysfunction related to the myelination status. Motor axonal dysfunction is the major cause of muscle dysfunction, impaired motor control, muscle weakness, atrophy, sensory loss, and reduced strength \[[@b28-amjcaserep-16-763]\]. The increase in muscle mass, strength, and motor control induced by Oxandrolone may be due to the increased protein synthesis in the muscles and in myelin of the motoneurons. Neuroactive steroids, like progesterone, dihydroprogesterone, tetrahydroprogesterone testosterone, and dihydrotestosterone are involved in the control of gene expression of myelin proteins in the peripheral nervous system, and are also capable to influence peripheral glial elements and their specific products like myelin membranes \[[@b29-amjcaserep-16-763]\]. In the adult injured spinal cord and motoneurons, either by disease or by experimentally-induced trauma, an axonal repair (due to myelin associated inhibitors) is observed \[[@b30-amjcaserep-16-763]\] and the axons may extend over very long distances; these capabilities persist even in neurons reprogrammed from very aged human cells \[[@b31-amjcaserep-16-763]\]. This process appears to be responsive to exogenous and/or endogenous androgen. This finding might be of relevance for new therapeutic approaches for recovery of motoneuron function and muscle reinnervation, rebuilding the peripheral myelin in demyelinating diseases.

Conclusions
===========

In conclusion, in the patient of this case-report, treatment with Oxandrolone added to exercise improves neuromuscular function, likely as a consequence of reinnervation of the muscle, as evidenced by type-grouping and recovery of motoneuron function. This observation suggests that treatment with Oxandrolone may be useful to restore functional axon and motoneuron efficiency and could be considered within rehabilitation programs in patients with neuromuscular damages, such as demyelinating diseases, hereditary neuropathy, aging, and after peripheral injury. Furthermore, type grouping can also be applied to investigate the accuracy of reinnervation.

Limitations of the study
------------------------

This is a standalone case report and a case series of a treatment would have obviously strengthened our findings. However, we have treated other patients with similar diseases and paraplegic subjects after spinal cord injury and in our experience, all patients benefit from androgen therapy. In addition, muscle biopsy immunohistochemistry could be more appropriate to evaluate the various types of protein in the muscle. The aim of this study is to increase the interest to other authors in further research because studies in this field are clearly warranted and useful for clinical practice.
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![Sural nerve biopsy. Semi-thin section. Note rarefaction of myelinated fibers, foldings of myelin, and onion bulb proliferations of Schwann cells indicated by the arrows (enlargement ×40).](amjcaserep-16-763-g001){#f1-amjcaserep-16-763}

![Muscle biopsy. Pattern of type grouping, reaction ATPasi pH 9,4 NADH-Tr (Hematoxylin-eosin (H&E), NADH (in black) show aspects of type grouping (enlargement ×100, Barr 1 μ). The arrows indicate clusters of new fibres. Fibres II A (black), Fibres II B (green).](amjcaserep-16-763-g002){#f2-amjcaserep-16-763}

![Same muscle biopsy. The type grouping is more evident, showing an increased clustering of muscle fibers of the same metabolic type (enlargement ×40).](amjcaserep-16-763-g003){#f3-amjcaserep-16-763}
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